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Circadian Periodic Changes in Relative Specific 
Activity of Mouse Brain Phospholipids 1 
WALTER NELSON 
University of Minnesota, Minneapolis, Minnesota 
Circadian• periodic changes characterize the extent of 
incorporation of intraperitoneally-administered P32-ortho-
phosphate into mouse liver phospholipids (2). Such re-
sults can be interpreted as indicating a circadian period-
icity in metabolic rate for liver phospholipids, or the op-
eration of a more general metabolic mechanism ( 3). 
Preliminary studies suggested a similar periodicity for 
the phospholipids of mouse brain ( 4). The work of 
Ho kin, et al, ( 5), has implicated the metabolism of phos-
pholipids, notably phosphoinositide and phosphatidic 
acid, in the physiological action of acetylcholine in the 
central nervous system. One might reasonably expect the 
known periodicity in activity of the central nervous sys-
tem (6) to be accompanied by variation in components 
of the acetylcholine system. Therefore, if results are con-
sistent with Hokin's in vitro studies, a fluctuation in met-
abolic activity of at least some of the phospholipids may 
also be anticipated. In view of the differential distribu-
tion of the acetylcholine system in the central ne :·vous 
system ( 7), any such acetylcholine-linked circadian rhy-
thm in phospholipid metabolism may be more pro-
nounced in some regions of the brain than in others. 
Against this background it seems of interest to report 
herein circadian periodic changes in relative specific 
activity (RSA)• of the total phospholipid and of different 
'This investigation was supported in part by Public Health 
Service Fellowship BF-8546(C2) and Grant No. 2B-5332, from 
the National Institutes of Neurological Diseases and Blindness 
and in part by Public Health Service Grants C-4359 and C-1747 
(C9). Received Aug. 29, 1963. The advice and encouragement given 
by_ Dr. Franz Halberg, Department of Pathology, University of 
Mmnesota, are gratefully acknowledged, as is the technical assist-
ance of JoAnn Nelson, Margaret Scheller and Pete Frazer. 
2 The term circadian has been applied to biological rhythms with 
periods either exactly or approximately 24 hours ( I). 
3 RSA is defined as the ratio: specific activity (counts per min-
ute/ ftg P) of lipid phosphorus divided by the specific activity of 
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phospholipid fractions in the cerebral cortex, cerebellum, 
hypothalamus and brain stem of the mouse. 
Materials and Methods: Inbred male Bagg albino (C) 
mice, 10-15 weeks of age, were used following one week 
of standardization in individual cages kept in sound-
deadened rooms maintained at 24± 1 ° C. The rooms 
were illuminated by artificial light daily from 06: 00 to 
18: 00 hours. Purina Laboratory Chow and tap water 
were available at libitum since weaning, and through-
out standardization and sampling. 
Three separate experiments were done with similar 
design. Each experiment involved 32 mice, 8 mice being 
sacrificed at each of 4 time points: 12:00, 16:00, 20:00 
and 24:00 hours•. These times represent the mid-points 
of periods of sacrifice, the latter extending over less 
than one hour. These particular mid-points were selected 
on the basis of (a) earlier results on RSA changes in 
liver phospholipids and (b) preliminary experiments on 
RSA changes in brain phospholipid. Exactly 2 hours 
prior to sacrifice, a given mouse was injected intraperi-
toneally with orthophosphate-P32 , obtained chromato-
graphically pure from Nuclear Consultants Corporation, 
St. Louis, Missouri. The dosage was 6 microcuries per 
gram of body weight. The specific activity of the P• 2 solu-
tions used for injection varied from one experiment to an-
other but was consistently high enough so that the actual 
amount of orthophosphate injected was negligible ( equiv-
alent to 0.1 µ,g P or less). 
Following injection, the mice were kept in individual 
screen-capped pint bottles, without food and water, un-
til sacrifice. Sacrifice was by decapitation. The brain was 
inorganic phosphate - at 2 hours after the intraperitoneal injec-
tion of P"'-Iabeled orthophosphate. 
'These times correspond to noon, 4:00 p.m., 8:00 p.m., and 
midnight, respectively. 
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dissected to obtain the whole cerebellum, the hypothal-
amic region, the remaining brain stem and a slice of 
cerebral cortex. In an attempt to obtain information on 
the minor phospholipid components, the respective brain 
parts from all 8 mice available at a given time point were 
pooled for extraction, to yield one pool value for each 
item at each time point and experiment 
Lipids were extracted quantitatively with CHC1 3 : 
CH3OH and washed essentially according to Folch, et al 
( 8). One aliquot of the lipid extract was analyzed di-
rectly for total lipid phosphorus and another aliquot was 
chromatographed on silicic-acid impregnated paper, ac-
cording to Marinetti ( 9), with minor modifications. Iden-
tification of the phospholipid fractions (phosphoinositide, 
sphingomyelin, phosphatidylcholine, phosphatidylserine, 
phosphatidylethanolamine, and phosphatidic acid) was 
based on: (a) color of fluorescence with Rhodamine 6G 
stain under ultraviolet light, and similarity of the result-
ing pattern to that reported by Marinetti (9) and by 
Ho kin ( 10) ; ( b) staining with ninhydrin for amino phos-
pholipids; ( c) staining with phosphomolybdic acid for 
choline phospholipids. The phosphatidylserine band was 
sometimes diffuse, with a tendency to 'tail' into the phos-
phatidylethanolamine band. Hence, no attempt was made 
to recover it routinely, The phospholipid bands were cut 
out, eluted with methanolic-HCl according to Marinetti 
(9), and the eluates were wet-ashed with H2SO4, The 
phosphorus content was assayed by the method of Beren-
blum and Chain, as modified by Ernster (11), with cor-
rections being made for the phosphorus content of the 
chromatogram paper. 
Radioactivity was determined by the liquid scintil-
lation method either directly on an aliquot of the isobu-
tanol-benzene extract or, if amounts of phosphorus 
and/ or radioactivity were low, on an aliquot of the final 
colored solution used for phosphorus determination. The 
presence of the blue color of reduced phosphomolybdate 
did not interfere with scintillation counting under the 
conditions employed, Corrections were made for back-
ground and decay, The probable error of the sample 
count was usually less than 3 % except for the sphingo-
myelin fraction. The latter had very low radioactivity, 
so that in some instances the probable error of the 
sample count was as high as 10%. 
The reproducibility of the chromatographic procedure 
for the three experiments is evident in Figure 1, which 
shows for the cerebral cortex the percentage of total 
lipid phosphorus and total lipid radioactivity recovered 
in the phospholipid bands at the four time points stu-
died. 5 
The non-lipid residue was extracted with cold 5 % 
trichloroacetic acid to give the acid-soluble fraction. 
This was assayed directly for specific activity of acid-sol-
uble inorganic phosphate by the method of Ernster, 
modified by the use of liquid scintillation counting as 
5 In the case of cerebral cortex, tbe phosphatidic acid band (R, 
ca. 0.9) could not be located, even though as much total lipid 
phosphorus was applied to the chromatogram as for the other 
brain parts, for which the phosphatidic acid band was readily 
found. 
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FIGURE L Contribution of chromatographically-separated phos-
pholipid fractions to total lipid phosphorus and total lipid radio-
activity of the cerebral cortex as a function of clock hour. The 
time of shifting the lighting regimen from light to dark is indicated 
on the abscissa. The vertical bars about each plotted point repre-
sent ± one standard error of the mean value from three experi-
ments. 
described above. Correction was made for the slight 
amount of quenching produced by the trichloroacetic 
acid present in the acid-soluble fraction by including the 
same amount of trichloroacetic acid in P32 standards. 
The results for the phospholipids were expressed in terms 
of RSA, as defined earlier. The tissue residue remaining 
after the extraction of lipid and acid-soluble fractions 
was treated by the method of Schneider (12) , to yield 
a deoxyribonucleic acid phosphorus (DNAP) fraction, 
which was wet-ashed and assayed for phosphorus as 
above. 
Results and Discussion: Figure 2 summarizes the time-
dependent variation in RSA of the total phospholipid ex-
tract, and of two of its component fractions, in all four 
parts of the brain. Figure 2-A is a plot of the total-phos-
pholipid RSA values, each point representing the average 
of 3 values obtained for the respective brain part at a 
given time point These data reveal differences in total-
phospholipid RSA among the 4 brain parts, along with a 
consistent trend to higher RSA values at 20: 00 hours. 
The common temporal pattern of the results from the 
different brain parts is more readily apparent when the 
RSA data are expressed as a percentage of a given ser-
ies mean. More specifically, for each experiment the RSA 
values obtained for a given brain part at all four time 
points were averaged to yield the series mean RSA. The 
RSA at each time point was then expressed as a per-
centage of that mean. The corresponding percentage 
values for the three experiments were then averaged to 
obtain the values plotted for a given brain part. Figure 
2-B shows the temporal behavior of the RSA for the total 
phospholipid extract of each of the 4 brain parts in this 
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FIGURE 2. Within-day variation in RSA of total phospholipid 
(parts A and B), phosphatidylcholine (part C) and phosphoinosi-
tide (part D) in the cerebral cortex, cerebellum, hypothalamus and 
brain stem. The lighting regimen is also indicated on the abscissa. 
S. E. M. = standard error of the mean value from 3 experiments. 
Note interruption of the ordinates. 
fashion. Figures 2-C and 2-D, in turn, show the temporal 
pattern of RSA changes for the chromatographic frac-
tions, phosphatidylcholine and phosphoinositide. 
The conclusion that there is a circadian rhythm of 
phospholipid RSA is substantiated by an analysis of var-
iance (13), shown in Table 1, revealing that differences 
among time points as well as among brain parts are sig-
nificant below the 1 % level. The interaction term, how-
ever, is not statistically significant and hence does not 
support the inference of a phase difference among the 
brain parts in their time-dependent change of phospho-
lipid RSA. 
TABLE 1. Analysis of Variance Summary: Total 
Phospholipid RSA.* 
Source of Degrees of Mean 
Variation Freedom Square F 
Among Brain Parts 3 .000229 45.80 
Among Time Points 3 .000026 5.20 
Interaction 9 .000002 0.40 





* RSA data from four brain parts at four time points ( 12:00, 
16:00, 20:00 and 24:00 hours). 
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Although both phosphatidylcholine and phosphoino-
sitide show an increase in RSA during the interval be-
tween 12:00 and 20:00 hours, it is apparent that phos-
phatidylcholine has a greater percentage variation than 
does phosphoinositide. The data in Figure 1 also indicate 
a relative shift in P32 from phosphoinositide to phospha-
tidylcholine during this time interval. Thus, the percen-
tage of total lipid radioactivity contributed by phospho-
inositide apparently falls, while that due to phosphatidyl-
choline rises (P<.005, 2-sample "t" test on 16:00 and 
20: 00 data) . This difference in temporal behavior of the 
RSA of phosphatidylcholine and phosphinositide is of 
interest in relation to Hokin's in vitro observation that 
acetylcholine stimulates the incorporation of P32 into 
phosphoinositide to a considerably greater extent than 
into phosphatidylcholine (5) . 
In general all of the phospholipid components tended 
to exhibit a trend to higher RSA values at 20: 00 hours. 
The significance of this trend over the 16:00-20:00 in-
terval is evaluated with the sign test ( 13), in Table 2. 
For example, phosphatidylcholine shows in every in-
stance an increase in RSA; i.e., in all of 12 comparisons 
based upon 3 experiments on 4 brain parts. The prob-
ability that such an observation is due to chance is less 
than 0.01. 
TABLE 2. Sign Test of 16:00-to-20 :00 Change In Relative Specific 
Activity (RSA) of Brain Phospholipids. 
Number of Number Showing 
Variate Comparisons Increase in RSA p 
Total phospholipid extract 12 12 <.003 
Phosphatidylcholine 12 12 <.003 
Phosphatidylethanolamine 12 10 .019 
Phosphoinositide 12 9 .073 
Sphingomyelin 12 9 .073 
Phosphatidic acid 9 6 .257 
Pool of Individual 
Phospholipid Data 57 46 <.004 
The ratio of total phospholipid phosphorus (PLP) 
content to DNAP content provides a check on the pos-
sibility that the observed changes in phospholipid RSA 
might be related to a variation in the amount of phos-
pholipid present in the brain parts. In other words, the 
16:00-20:00 increase in phospholipid RSA may be due 
to a decrease in phospholipid content, with no change 
in the amount of P32 entering the phospholipids. The 
PLP / DNAP ratios for cerebral cortex, cerebellum and 
brain stem are presented in Table 3. The corresponding 
data for the hypothalamus are omitted since the amount 
of DNAP present in these samples was too low for re-
liable assay. The -degree of overlap of the standard er-
rors shown in Table 3 does not support the assumption 
of a significant time-dependent variation in PLP /DNAP. 
Furthermore, the application of the sign test to the 
16: 00-20: 00 differences suggests chance variation. In 
combining this observation with the apparent within-day 
constancy in the percentage contribution of the various 
phospholipid fractions to the total phospholipid phos-
phorus (Fig. 1) the inference may be made that the cir-
cadian changes in RSA of the various phospholipids are 
















TABLE 3. Ratio: Total Lipid Phosphorus Content / DNA Phospho-
rus Content In Brain Parts.* 
Time Point Cortex Cerebellum Brain Stem 
12:00 20.4 ± 1.7 3.12 ± .05 22.7 ± 0.3 
16:00 19.8 ± 0.4 3.01 ± .07 21.7 ± 0.7 
20:00 18.3 ± 0.8 2.99 ± .07 22.4 ± 0.3 
24:00 19.6 ± 0.6 3.00 ± .06 23.2 ± 0.4 
Averages 19.5 ± 0.5 3.03 ± .03 22.5 ± 0.3 
* Mean± S. E. M. 
not a consequence of variations in phospholipid content. 
The t~m~oral pattern of variation for total phospholipid 
RSA m liver also shows a rise to a peak value at 20: 00 
hours ( 2) •. Thus, if the RSA variation is indicative of a 
v_ari_ation in metabolic rate of phospholipids, a grossly 
s1m1lar pattern of circadian changes in metabolic rate 
exists for total phospholipid in both the brain and the 
liver, and for five different phospholipid fractions in four 
separat~ parts of the brain. Alternatively, the RSA may 
b~ an mdex of factors other than intermediary metab-
olism. It was earlier considered that at least part of the 
circadian variation in RSA of liver phospholipids may 
be due to a variation in the specific activity of acid-soluble 
phosphorus, since this specific activity was somewhat 
lower at the time of the peak in phospholipid RSA (2). 
Yet the phospholipid fraction itself showed a variation 
in specific activity in phase with that of its RSA, sug-
gesting that the periodicity in RSA may not be due solely 
to a variation in specific activity of acid-soluble phos-
phorus. I~ t~e present study there was no consistent pat-
tern_ of w1thm-day variation in specific activity of inor-
gamc phosphate among the three experiments. A detailed 
study into the factors underlying the statistically signifi-
cant . c~cadi_an changes in RSA of brain and liver phos-
phobp1ds will be presented in a subsequent report (15). 
Summ~ry: Mice standardized for circadian periodicity 
analysis show statistically significant changes along the 
24-hour scale in the relative specific activity of brain 
phospholipids (counts/ min . per µg P of phospholipid 
'In this case, the phospholipid RSA was defined relative to the 
specific activity of total acid-soluble phosphorus rather than to 
that of inorganic phosphate as in the present report. However, the 
pattern of variation with either index is apparently similar (14). 
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divided by counts/ min. per µ,g P of inorganic phosphate, 
2 hours after the intra-peritoneal injection of P32-labeled 
orthophosphate). Spotchecks at 4 hour intervals from 
the middle of the daily (12 hr) light-period to the middle 
of the daily ( 12 hr) dark period reveal a grossly similar 
timing of circadian changes in relative specific activity 
of chromatographically-separated phospholipids from 
cerebral cortex, cerebellum, hypothalamus and brain 
stem and, hence, probably indicate a common circadian 
periodic underlying factor(s). 
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